SUMMARY We studied the performance of ventricular muscle and cardiac function of hearts from rats conditioned by swimming (CH) and from sedentary rats (SH) in an isolated working heart apparatus modified to measure end-diastolic volume by dye dilution. Instantaneous aortic flow, left ventricular (LV) pressure and oxygen consumption were measured. Heart rate and mean aortic pressure were kept constant, and atrial filling pressure was varied from 5 to 20 cm H 2 O. Heart weights of SH and CH were equal and end-diastolic pressures and volumes were similar at all atrial pressures. However, ejection fraction, calculated circumferential fiber velocity, peak systolic pressure, peak aortic flow, cardiac output, and stroke work were all greater in CH than in SH, and the differences increased as atrial pressure was increased. Maximal negative dP/dt was greater in CH than SH at all preloads (P < 0.001). Oxygen consumption of CH was increased in proportion to the increase in work. These results indicate that the improved pumping performance of CH is due to a change in ventricular muscle function. Faster relaxation is a prominent effect of physical training on the rat heart and may foster more complete filling at high heart rates.
THE ISOLATED working rat heart apparatus was originally developed by Neely et al. 1 to study cardiac metabolism in a heart performing external work. Performance could be assessed from measurements of left ventricular (LV) and aortic pressures and cardiac output. 1 and from these approximate values for external work could be obtained. However, more precise measurement of the pumping characteristics of the heart (instantaneous flow as well as pressure) was not possible, and the inability to measure ventricular volume precluded making extrapolations to muscle function.
The contractile performance of the heart is determined in part by the amount of stretch applied prior to contraction, as governed by the end-diastolic volume. Although end-diastolic pressure could be measured in the isolated working rat heart apparatus, the relation between enddiastolic pressure and volume might vary in different experimental conditions, and a change in this relationship would make alterations in cardiac performance impossible to interpret in terms of muscle function. For instance. Penpargkul and Scheuer 2 showed that cardiac performance was enhanced in hearts from rats subjected to moderate physical conditioning but. in the absence of information about ventricular volumes, it was not known whether the enhanced pumping performance resulted from greater muscle fiber-shortening from the same end-diastolic volume (increased contractility) or from an increased enddiastolic volume due to a change in compliance.
This paper reports modifications of the rat heart apparatus so that end-diastolic volume can be determined by a dye-dilution technique and aortic flow can be measured with an electromagnetic flowmeter. From these data, ejection fraction, ventricular volume, peak values and first derivatives of pressure and flow, external work, muscle force and velocity of shortening, and the durations of various systolic events can ail be determined. These calculated results have been used to compare hearts from rats conditioned by swimming with hearts from sedentary rats.
Methods

PERFUSION APPARATUS
The modifications of the rat heart perfusion apparatus are diagrammed in Figure 1 . The perfusate entered the left atrium and was ejected into the aorta. Two catheters were placed in the left ventricle, one to measure LV pressure and the other to inject dye. The pressure measurement system consisted of a polyethylene catheter [length = 2.5 cm, inside diameter (i.d.) = 0.034 inch, outside diameter (o.d.) = 0.050 inch, vol = 0.15 ml] attached to a Statham P23dB strain gauge with a short. 20-gauge needle. The system had a frequency response that was flat (±10%) to 30 Hz. For dye injection, a small bore polyethylene catheter (length = 15 cm. i.d. = 0.015 inch. o.d. = 0.043 inch, vol = 0.01 7 ml) was attached with a 27-gauge needle to a 0.25-ml airtight Hamilton syringe mounted in a Hamilton repeating dispenser so that several injections of a 5-^ti bolus of 0.1% Evans blue dye in water could be made rapidly. Adensitometer. consisting of a DC-powered lamp and a photoresistive cell, was mounted across the glass aortic cannula within the rubber stopper that supported the cannulas. The response of the photocell, measured with a Wheatstone bridge, was linear from 5 x 10~7 to 1 x 10~5 g/ml Evans blue, which included the range of concentrations in the useful part of most curves, and had a time constant less than 20 msec. A cannulating flow probe (Statham. i.d. = 2 mm) for measuring instantaneous aortic flow was mounted in the aortic line just above the cannula assembly. The Statham M-4000 flowmeter used had a frequency response flat (±5%) to 30 Hz. Otherwise the apparatus was the same as that used previously in the laboratory 2 with 3 ml of gas in the compliance chamber and the aortic bubble trap open to atmospheric pressure located 80 cm above the heart. A pulmonary artery catheter used to collect right heart effluent for PO 2 measurement and a right atrial pacing wire were employed, but they are not shown in Figure 1 .
The perfusate was a modified Krebs-Henseleit buffer that contained 143 DIM sodium. 125 mM chloride. 25 HIM bicarbonate. 5.9 mM potassium. 2 mM calcium. 1.2 mM magnesium. 1.2 mM phosphate. 1.2 mM sulfate. 0.5 mM ethylenediaminetetraacetic acid (EDTA). 5.5 mM glucose, and 0.4 mg/ml insulin. Perfusate was gassed with 95% O 2 and 5% CO 2 as previously described. 2 and a volume of 250 ml was recirculated through the apparatus. Po 2 was monitored in the arterial and effluent fluid with a Radiometer electrode. Arterial Po 2 was maintained above 600 torr. The temperature of the perfusate was maintained at 37°C.
Pressure, flow, and dye data were recorded on photographic paper using an oscillographic recorder (Electronics for Medicine) and on magnetic tape using a fourchannel FM recorder (Hewlett-Packard).
PROCEDURE
Nine hearts from male Wistar rats made to swim for 75 minutes twice daily 5 days per week for 8 weeks (CH) and nine hearts from sedentary (normal cage activity) agematched controls (SH) were studied as follows. Randomly paired SH and CH were perfused on the same day. The heart was removed from the rat and mounted as previously described. 2 was maintained for 10 minutes while catheters were placed. Antegrade perfusion through the left atrium then was begun, and a period of 10 minutes for stabilization was allowed before any measurements were made. Heart rate was maintained by pacing at 340 beats/min throughout the experiments. An initial record of data was obtained at a left atrial filling pressure of 10 cm H 2 O. Then the atrial filling pressure was successively lowered to 5 cm. raised to 10 and then to 20 cm. and finally returned to 10 cm. Each new experimental condition was maintained for at least 3 minutes before data were recorded. Then during 1 minute, aortic overflow and coronary effluent were collected and measured, effluent Po 2 was measured, and four to six dye curves were recorded. At the end of the experiment the atria and great vessels were trimmed from the ventricles. The right ventricular free wall was removed, and it and the left ventricle were blotted and weighed, then dried for 2 days at 50°C and reweighed. Two other experiments were conducted specifically to evaluate the measurement of ejection fraction and enddiastolic volume by the dye-dilution technique. To compare directly measured ventricular volume to end-diastolic volume calculated from dye curves, eight hearts were perfused at atrial pressures between 5 and 20 cm H 2 O. For each heart a set of dye curves was obtained at one atrial pressure, and the end-diastolic pressure was measured. The heart was then arrested with 30 mM potassium, and the LV pressure was adjusted by moving the left atrial bubble trap so that the end-diastolic pressure equaled that at which the dye data had been recorded. The heart was fixed at that pressure with 5% gluteraldehyde perfused retrograde through the aorta. The fixed heart was removed from the apparatus, and LV volume was determined five times by measuring the volume of fluid necessary to fill the LV cavity with a microsyringe. The enddiastolic volume which had been determined by dye dilution was then compared with the ventricular volume measured in the same heart after fixation. To determine the sensitivity of the ejection fraction to inotropic interventions, three hearts were perfused with perfusate containing up to five increasing concentrations of isoproterenol followed by propranolol. Heart rate was maintained constant by pacing, and atrial pressure was maintained at 10 cm H 2 O. Performance was measured under each condition.
ANALYSIS
Coronary flow and cardiac output (equal to aortic overflow + coronary flow) were measured by collecting perfusate for 1 minute under each experimental condition. Oxygen consumption was calculated by multiplying the difference between the arterial and venous Po 2 by coronary flow and 0.0239. the appropriate Bunsen coefficient. 3 Cardiac output, coronary flow, and oxygen consumption all were normalized for LV dry weight. Although LV dry weight was directly available, the value used for normalization was calculated by multiplying the total heart dry weight by a constant fraction of 0.807 determined from 21 separate hearts (mean LV dry weight/heart dry weight = 0.807 ± 0.007 SE); this ratio for SH and CH did not differ from each other or from this value. Figure 2 shows a typical record of pressure, flow, and one dye-dilution curve. The dye curve exhibits sharp steps and returns to baseline. These data were played back from tape and analyzed with a PDP-8 computer. For analysis of the dye curves, data were digitized at 200 samples/sec, and 5 seconds or more of data were used for each curve. Steps in dye concentration were identified beginning 2 beats after departure of the dye concentration from baseline and continuing until the difference between steps or the difference between a step and the baseline was less than a fixed multiple of the noise in the baseline. Dye curves were rejected if baseline noise was too high or if fewer than three steps could be found. The ratio of successive concentration steps (K) and the mean, SD. and SE of K values within the curve were determined. Ejection fraction, which is equal to 1 -K. 4 was calculated from the mean K for the four to six dye curves obtained during an experimental period; and EDV = SV/EF. where EDV = enddiastolic volume. SV = stroke volume obtained by dividing cardiac output by heart rate, and EF = ejection fraction.
For analysis of pressure and flow. 2 seconds of data (approximately 11 beats) were digitized at 500 samples/ sec and a 3-point moving average was applied to eliminate noise introduced by the tape recorder and by quantization effects of the analog to digital conversion. Pressure and flow calibrations were made from step inputs, but final calibration of flow was performed for each record by forcing the integral of forward flow to be equal to stroke volume as determined from the cardiac output obtained by collecting the perfusate. This procedure resulted in a 10% increase in the calculated flow because in the rat heart apparatus coronary flow comprised approximately 25 % of cardiac output, and systolic coronary flow was not detected by the flow probe. End-diastolic pressure was defined at the last pressure for which dP/dt was less than 500 mm Hg/sec preceding a rise of pressure to greater than 30 mm Hg. and time of end-diastolic pressure was used as a reference point for determining cycle length and various systolic time intervals in the succeeding beat. Peak values, peak positive and negative derivative of ventricular pressure and aortic flow (Q). and peak derivative normalized for instantaneous value of pressure (P) and Q were calculated along with their time of occurrence in systole.
Additional results were calculated by the following equations: Power (t) (ergs/sec-g) = 1333 (dynes/cm 2 -mm Hg) x LVP(t) (mm Hg) x Q(t) (ml/sec)/LVDW (g) (1) Stroke work (ergs/g) =/power (t)dt (during ejection) (2) Efficiency = 4.72 x 10~9 x stroke work (ergs/g) x heart rate (beats/min) /oxygen consumption (ml/min-g) (3)
LV wall volume (ml) =WALLV = 0.807 x [1.005 x HWW(g) -0.288 x HDW(g)] (4) LV internal volume (ml) = V(t) = EDV (ml)
Velocity of circumferential fiber-shortening (cm/sec)
Total circumferential fiber-shortening (cm) =CFS =/VCF(t) (cm/sec) dt (during ejection) (10) Muscle force (dynes) = F(t) = 1333TT x LVP(t) (mm Hg) x [R,(t) (cm)] 5 HWW = heart wet weight, HDW = heart dry weight, and 0.807 was used to convert to LV volume from heart volume. All results are expressed as mean ± SEM. Statistical significance of differences between SH and CH was determined by the two-tailed unpaired Student's r-test and in one instance by analysis of covariance. and standard formulas were used for calculating regression equations and correlation coefficients. 
Results
EVALUATION OF THE APPARATUS
To assess the reliability of the ejection fraction measurement. 97 dye curves from 20 experimental records in the conditioned rat experiments were analyzed in a fashion similar to that used by Rolett et al. 7 The mean withincurve percent SD of K [100% x (SD of K)/mean K] was 8%. The mean between-curve SD in the 20 records was 3%. The mean SD of K from all K values in all curves in each record (an average of 21 K values per record) was 8%. The SD of ejection fraction is equal to [K/(l -K)] x (SD of K). Since the average K in these records was approximately 0.6. the SD of ejection fraction was 12%. However, for most conditions at least 16 K values were averaged, therefore, the SE of the ejection fraction was only 3% (12%/Vl6). Figure 3 shows the high correlation found between enddiastolic volume calculated from dye-dilution curves and volume directly measured in the same hearts after fixation. The end-diastolic pressures ranged from 3.9 to 12.6 mm Hg and did not differ significantly from the pressures at which the hearts were fixed (mean difference = 0.38 ± 0.18 mm Hg). End-diastolic volumes also were not significantly different from directly measured LV volumes (mean difference = 0.020 ± 0.014 ml). Thus over the range of volumes from 0.3 to 0.6 ml. end-diastolic volume as measured by dye dilution corresponded closely to directly measured volume. Figure 4 shows results from experiments in which hearts were perfused with increasing doses of isoproterenol followed by one or two doses of propranolol as heart rate was maintained constant at 340 beats/min. Peak LV systolic pressure, stroke volume, and ejection fraction all varied directionally with the degree of inotropic intervention, whereas end-diastolic volume did not change greatly during the experiment. The ejection fraction measured by dye dilution varied appropriately with inotropic state and was quite sensitive to catecholamine stimulation or blockade.
RESULTS WITH HEARTS FROM CONDITIONED RATS
Dry heart weights for sedentary and conditioned rats were the same (0.220 ± 0.008 g for SH and 0.215 ± 0.008 g for CH) although body weights were greater for 
FIGURE 4 Peak left ventricular systolic pressure (PLVSP), stroke volume (SV), ejection fraction (EF), and end-diastolic volume (EDV) in three hearts perfused with increasing doses of isoproterenol followed by one or two doses of propranolol. Each heart is represented by a different symbol.
sedentary rats (409 ± 7 g vs. 327 ± 15 g. P < 0.001). Dry LV weight to heart dry weight ratios for SH and CH were 0.825 ± 0.007 and 0.820 ± 0.008. and these did not differ significantly from each other or from the previously determined value of 0.807 ± 0.007 used to calculate LV weight from heart dry weight. Heart dry weight to wet weight ratios for SH and CH were 0.205 ± 0.002 and 0.204 ± 0.002. compared to 0.220 ± 0.005 and 0.220 ± 0.002 in preperfused SH and CH, 2 was not severe in the perfused hearts despite the absence of an oncotic agent in the perfusate. Figure 5 shows that cardiac output and peak pressure were greater for CH than for SH at atrial pressure of 10 and 20 cm H 2 O. These results are similar to those previously obtained with the unmodified rat heart apparatus 2 and indicate enhanced ventricular performance in CH. Figure 6 shows additional results describing pumping characteristics of SH and CH that were obtained by using the flowmeter. Peak flow (max Q) was similar in SH and CH at atrial pressure of 5 cm H 2 O but higher in CH at atrial pressure of 10 and 20 cm. Maximum dO/dt (acceleration of volume), stroke work, and maximal power all° Figure 5 . LEFT ATRIAL FILUNG PRESSURE IcmHjO) Figure 5 .
FIGURE 7 Ejection fraction (EF), end-diastolic volume (EDV), stroke volume (SV), and end-diastolic pressure (EDP) of hearts from conditioned and sedentary rats. Experimental procedure and all symbols are the same as in
FIGURE 8 Maximal force, maximal rate of change of force (dF/dt), extent of circumferential fiber-shortening (CFS), and maximal velocity of fiber-shortening (VCF) for hearts from sedentary and conditioned rats. The experimental procedure and all symbols are the same as in
follow the same pattern of increasing differences between SH and CH at higher preloads. The separation of SH and CH by analyzing these measures of pumping function is even more striking than the results shown in Figure 5 . Figure 7 shows results obtained from dye-dilution curves. Ejection fraction was significantly greater in CH at atrial pressures of 10 and 20 cm H 2 O. Stroke volume also was greater for CH than SH. and the end-diastolic volumes were similar at atrial pressures of 5 and 10 cm. but tended to be larger in CH at an atrial pressure of 20 (0.05 < P < 0.1). The corresponding end-diastolic pressures were the same for SH and CH at all atrial pressures and were in fact very close to the atrial pressures imposed on the hearts. The tendency for CH to have a larger enddiastolic volume for the same end-diastolic pressure as SH Figure 8 . Comparison of the two sets of data by covariant analysis had a P value of <0.01.
END-DIASTOLIC MIDWALL RADIUS (cm)
FIGURE 9 Maximal force plotted as a function of end-diastolic midwall radius of hearts from sedentary and conditioned rats. Data correspond to points connected by lines in
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FIGURE 10 Time to peak pressure (PLVSP), relaxation time, maximal negative dP/dt, and duration of contractile element shortening (CES) of hearts from sedentary and conditioned rats.
The experimental procedure and all symbols are the same as in Figure 5 .
at an atrial pressure of 20 cm H 2 O might suggest a greater compliance in CH. However, the effect of such a difference in compliance on end-diastolic volume was clearly not important at the two lower end-diastolic pressures. Calculated results that describe muscle function of SH and CH are plotted in Figure 8 . Maximal force (F) and dF/ dt were significantly higher in CH only at atrial pressure of 20 cm. but the extent of circumferential fiber-shortening (CFS) and the maximal velocity of CFS were greater in CH at atrial pressures of 10 and 20 cm. Although differences in fiber-shortening appeared more striking than differences in force, when peak force was replotted as a function of midwall radius at which peak F occurred (Fig.  9) . force exerted by CH was greater than SH for any given radius (or circumference); P < 0.01 by analysis of covariance. Figure 10 shows variables related to the timing of contraction and relaxation. Relaxation time was defined as the time from peak LV systolic pressure until dP/dt was increasing and greater than -500 mm Hg/sec at the end of the systole. Time to peak pressure was the same in SH and CH. but relaxation time was less in CH than in SH. Maximal negative dP/dt was greater in CH at all preloads, and this was the most consistent difference found between SH and CH. The difference persisted if -dP/dt was normalized for peak LV pressure. The calculated duration of contractile element shortening was also less in CH. Table 1 shows that oxygen consumption was greater in CH at all atrial pressures; it was accompanied by a greater oxygen extraction at all atrial pressures and a greater coronary flow at an atrial pressure of 20 cm (Fig. 5) . When efficiency of conversion of oxygen to external work was calculated, there were no differences between SH and CH. Thus, as previously reported.
2 the increased work output of CH occurred at the expense of a proportionately greater oxygen consumption.
Discussion
MODIFICATION OF THE ISOLATED HEART PREPARATION
To transform intraventricular pressure and rate of change of volume into muscle force and shortening, the instantaneous shape and volume of the ventricle must be known. Since no information presently is available on ventricular shape for the isolated rat heart, a spherical model was chosen arbitrarily. Although such a model may be less anatomically accurate than an ellipsoidal model, it obviates the necessity of employing a size-variable and time-variable ratio of major and minor axes in the absence of objective information. Also, quantitative results obtained with the equations we have used would not differ substantially from those obtained with several models that are analytically more precise. 8 To obtain an absolute ventricular volume, the Holt dyedilution technique 4 was used to measure end-diastolic volume although there are potential difficulties inherent in this method, due to inaccurate sampling or incomplete mixing. Sampling errors have been substantially reduced by measuring the dye concentration at the sampling site close to the aortic valve using a device with a rapid response time. This avoids mixing and streaming of the dye which occur when long catheters are used between the sampling site and the densitometer.
9 "" A major portion of Results are mean ± SE. SH = sedentary; CH = conditioned. Data were obtained with 5-minute intervals between successive atrial pressures as in Figure 5 .
• P < 0.01 comparing SH vs. CH. t P < 0.05.
the mixing problem was eliminated by ignoring in the analysis the first 2 beats following injection of dye. 6 The within-curve and between-curve repeatability of K indicate that random mixing errors must have been small. If systematic mixing errors occurred, a significant difference between dye-measured end-diastolic volume and directly measured volume would have been expected, but no such difference was found, and the correlation between volumes measured by the two techniques was good over a wide range of volumes. The sensitivity of ejection fraction to catecholamine stimulation and blockade is further support for the dye technique.
STUDIES ON HEARTS OF CONDITIONED RATS
The results from the experiments conducted on SH and CH answer several questions about the muscle mechanisms responsible for increased pumping capacity of CH. and in doing so demonstrate the utility of the modified rat heart apparatus as an experimental technique. Moderate physical training, a physiological overload of the heart that does not cause hypertrophy, leads to improved ventricular performance of the isolated working rat heart. This difference between SH and CH is most apparent when hearts are stressed by increasing preload and may not be evident at lower levels of function. Both peak pressure and peak flow can separate SH and CH at moderate and high preloads, but pressure development is somewhat limited in this apparatus by the height of the aortic column. Work and peak power, both variables calculated from the product of pressure and flow, are more sensitive indicators of the improved pumping capacity.
The present study demonstrates that the enhanced performance of CH does not depend on an increase in enddiastolic volume (Starling effect) for its expression, since differences were present at atrial pressure of 10 cm where end-diastolic volumes of SH and CH were the same and force developed by CH was greater when covariance of force with linear dimension was eliminated. The results also suggest that increased muscle fiber-shortening is a highly important change in contraction characteristics responsible for the increased ventricular performance.
A large end-diastolic volume in CH. which would cause a greater stroke volume to be ejected for a given amount of fiber-shortening, also may be a factor in the performance difference at the highest preload studied (end-diastolic pressure = 14 mm Hg). Whether the tendency toward greater end-diastolic volume in CH at high enddiastolic pressure represents a true decrease in passive stiffness of the ventricular muscle or relates to dynamic components of compliance associated with the difference in relaxation between SH and CH cannot be answered from our data. At the high heart rate characteristic of the rat heart, inertial effects in particular might be expected to be important for LV filling, but to measure dynamic compliance one must know pressure and volume throughout diastole. 12 and our technique allows measurement of volume only at end-diastole and throughout systole.
Nevertheless, rapid relaxation would be an important adaptive mechanism for a rat heart, forced by exercise to increase its heart rate to values as high as 600 beats/min 13 so that adequate diastolic time would be available for filling of the ventricle and perfusion of the coronary arteries. The improved relaxation that was found in CH may be related to the greater calcium uptake and binding found by Penpargkul et al. 14 in sarcoplasmic reticulum isolated from" CH compared to SH.
The greater ejection fraction and fiber-shortening of CH from the same end-diastolic volume and end-diastolic pressure as SH are consistent with the hypothesis that contractility was higher in CH than in SH. Several other indices of contractility (dP/dt. dF/dt. peak measured dP/ dt/P or velocity of the contractile element) tended to be greater in CH. but the results for nine pairs of hearts did not achieve statistical significance. A possible cause for the difficulty in detecting differences in these indices is the 30-Hz frequency response of the pressure-measuring system, which is better than that previously used for the isolated rat heart 2 but still does not approach the fidelity of the micromanometers that can be used in larger hearts. A change in contractility could be related to changes in calcium control or perhaps to improved intrinsic function of contractile protein as suggested by the greater actomyosin and myosin adenosine triphosphatase activities found in CH as compared to SH. 15 
